I. INTRODUCTION
Transition metals and their alloys are essential components in heterogeneous catalysts used in technological processes and applications involving carbon containing gases. Studies of small units containing a carbon and a transition metal atom, that is diatomic transition metal carbides, are thus of considerable scientific and technological interest.
The present paper has been devoted to the yttrium carbide molecule. The theoretical and experimental investigations of this molecule have been part of our ongoing research on diatomic transition metal carbide molecules. '-' For the diatomic carbide molecules of the second transition metal series, high temperature equilibrium measurements have shown that the dissociation energies, 0; of the end members, PdC and YC are consistently smaller than those measured for NbC (564=tl3 mol-'), MoC (478 f 16 kJ mol-I),* RuC (612.1 f 10.5 kJ mol-'),5 and RhC (576.Oa3.8 kJ mol-'),2 namely <430=!=20 kJ mol-' for PdC Spectroscopic investigations of RhC9 have shown the electronic ground state to be 22+, whereas the spectroscopic investigations of RuC could not assign the symmetry of the electronic ground state. ' Theoretical investigations have been performed for the platinum metal triad mono carbides RuC,~~~ RhC,2,3 and PdC.'p3"0 Besides confirming the 28+ symmetry of the electronic ground state of RhC, these investigations have predicted the electronic ground state of the RuC molecule to be 3A, and that of PdC as 38-.
It appears that the major reason for the remarkable differences between the bond energies of RhC and RuC as compared to those of PdC and YC are related to the atomic orbital configurations of the transition metal atoms. The ground term configurations of the atoms Rh and Ru are (4&8(5s)' and (W)'(~S) ' , respectively. The ab initio calculations of the carbide molecules, RhC2 and RuC,~ have revealed that each molecule is multiply bonded due to the involvement of the open 4d orbitals, while the 5s orbital is essentially nonbonding. The Pd atom has a (4d) lo ground term configuration and that of Y is (4d) ' (5~)~. Thus, in the Pd atom the 4d shell is fully occupied while the open 4d shell in the Y atom is shielded by the fully occupied 5s orbital, and therefore the 4d orbitals of neither atoms, Pd and Y, are easily accessible to the bond formation.
The results of the ab initio calculations for the molecule PdC' have shown that the chemical bond in this molecule can be explained in terms of donation and back donation of charge. In this connection it is especially interesting to investigate the nature of the chemical bond in the YC molecule. Since the 5s orbital of the Y atom is filled, the 4d electron of Y can only be involved in the formation of the chemical bond if part of the 5s electrons of Y are removed. This can occur by charge transfer from Y to C, or by the 5s electrons of Y occupyng a nonbonding molecular orbital in YC as is the case for the molecules RuC and RhC.
In the present investigation we report results of ab initio calculations and high temperature equilibrium measurements for the molecule YC. To our knowledge there are no previous theoretical calculations performed for this molecule. Previous high temperature mass spectroscopic measurements on gaseous yttrium carbides11-13 have attributed the observed YC+ ion to a fragment product, predominantly from YC2, on basis of the observed high value of its appearance potential: 13.4rtO.5 eV," 14.0& 1 eV,'* and 13.5 f 1.0 eV.13 In Ref. 13, Gingerich and Haque also report a small tail at the low energies of the ionization efficiency curve of YC+ with an appearance potential of 8*2 eV that suggested the presence of trace amounts of primary YC+. On the basis of this information we have later estimated a dissociation energy of approximately 417 kJ mol-' for the YC molecule.4
The low-lying electronic states of the YC molecule have been studied by performing all electron ab initio Hartree-Fock (HF) and multiconfiguration selfconsistent-field (MCSCF) calculations. The HF calculations have been carried out in the Hartree-Fock-Roothaan formalism.14 The integrals have been computed using the program MOLECULE," and for the HF calculations we have utilized the ALCHEMY program system.16 The MCSCF calculations have been performed using the CASSCF program. 17-20
II. THEORETICAL INVESTIGATIONS OF THE YC MOLECULE A. Basis sets and HF calculations on C, Y, and YC
The basis sets consisted of contracted Gaussian-type functions. For the Y atom the basis set is essentially Huzinaga's,*' but it has been extended by addition of two p functions with exponents 0.1142 and 0.0474 that are needed in order to represent the 5p orbital. In addition, the exponent of the most diffuse s function has been altered from 0.026341989 to 0.03, and that of the most diffuse d function from 0.10075175 to 0.1225. The primitive basis set ( 17s,13p,8d) has been contracted to ( lOs,8p,5d) using a segmented contraction scheme. In the contracted basis the 4d orbital is represented by a triple zeta function while all other orbitals including the unoccupied 5p orbital is represented by double zeta functions. For the C atom we have used Huzinaga's ( lOs, 6p) basis,22 but augmented by a diffuse d function with exponent 0.75, as suggested by Dunning and Hay. 23 The basis set for the C atom has been contracted to (4s,3p,ld) resulting in double zeta representation of the s functions, triple zeta representation of the 2p function, and a d polarization function.
In Table I we compare the calculated relative energies of the low-lying terms of the Y and the C atoms with the corresponding experimental values. For each atom the calculated ground term is in accordance with the experimental. For the Y atom it is, however, noted that the terms 4F(4d)2( 5s) t and 4F(4d) ' (5s) ' (5~) ' are calculated to be appreciably lower than experimentally determined. This discrepancy has to be taken into account when interpreting the results of the present ub initio calculations, since it certainly will influence the calculated energy splittings of the electronic states of the YC molecule arising from the different orbital configurations of the Y atom.
The difference between the electronegativities of the atoms Y and C indicates that the YC molecule is likely to be appreciable polar with charge transfer from the Y to the C atom. As part of the YC molecule the resulting configuration of the Y atom is presumably somewhere in between the (4d)1(5s)20ftheneutralYatomand (4d)'(5s)'ofthe Y+ ion. Another possibility for the Y atom is the ( 4d)2 configuration, but for both the Y atom and the Y+ ion terms originating from a (4d) * configuration are found at considerable higher energies, and therefore it seems likely that the electronic ground state of YC should be derivable from a configuration including just a single 4d electron. In consequence of the reasoning presented above, the configuration of C as part of YC is expected to be somewhere in between (2~)~ and (2~)~.
Taking into account that the YC molecule has C,, symmetry, and just accounting for the one 4d and the two 5s electrons of Y and the two 2p electrons of C it appears likely that the electronic ground state of YC should arise from one of the valence shell configurations: (~)~(cr)~ or (7~) 2 ( a)2 (a') ', since the 4da orbital of Y cannot contribute to the bonding of the YC molecule. Both these configurations, (~)~(a)~ and (~~)~(a)~(a')', should cause bonding due to the o as well as the r orbitals. The configuration (r) 3 (cr) 2 gives rise to just one state, i.e., 211. The configuration (T)~( ~)~(o') ' gives rise to the electronic states 2E+, 28-, 2A, and 42-. In Table II we present results of HF calculations of the 211 and of the 4C-states of the above configurations at the internuclear distance 3.6 a.u. It is noted that both these states are bound relative to the free atoms by 0.58 and 1.68 eV, respectively. In addition to these two states we present results for another two states with three rr electrons, i.e., 411(a)3(a)1(a')1 and 411,@(n)3(a)'(6)1. From Table II , it is noted that both of these states are appreciably more stable than the state 211(r)3(o)2; in fact, the 411(rr)3(o)1(,')1 state has the lowest energy of all the states investigated. We also performed HF calculations on three additional states with only two r electrons, i.e., the states 6A(rr)2(o)1(o')1(S)1, 4A(r)2(a)2(S)1, and 68+(rr)2(o)'(S)2. In addition to the above mentioned, we have performed HF calculations on -.
-_ sThe wave function represents a mixture of orbital angular momenta.
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two states with four rr electrons, 28+ (~)~(o) ' and *A(d4(N1, and three states with only one P electron, i.e., *rI(n-)'(a)*(a')*, 4H,~(n)'(a)2(a')'(S)', and 4rI(7r)1(a)*(S>*. Table II shows selected results of all the HF calculations performed. It is noted that seven of the states considered are bound relative to the free HF atoms. Furthermore, all the states investigated are polar with sizeable charge transfer from Y to C. However, since the states arise from different orbital configurations of the Y atom, the HF energies do not provide accurate relative energies of these states. The lowest lying state identified in the HF calculations is 411. However, the correlation energy is expected to be larger in the doublet states than in the quartet state, and therefore it is not justified to predict the ground state of the YC molecule as being 411 on basis of the the HF results. On this background we decided to perform further investigations of the low-lying electronic states of the YC molecule by carrying out MCSCF calculations within the framework of CASSCF.
B. CASSCF calculations on the YC molecule
In the CASSCF calculations the core orbitals, i.e., the Is, 2.s, 3s, 4s, 2p, 3p, 4p, and 3d of Y and the 1s orbital of C, were kept fully occupied. The valence orbitals occupied in the atoms, i.e., 5s and 4d of Y and 2s and 2p of C, were included in the active space. The CASSCF calculations have been performed for doublet, quartet, and sextet states of the space symmetries 2+, X, and II. The number of configurations included in the CASSCF calculations reached 1536 for the doublet states, 952 for the quartet states, and 192 for the sextet states.
The CASSCF calculations have been performed as functions of the internuclear distance, i.e., for the distances 3.6, 3.9, 4.2, 5.0, and 12.0 a.u. For the doublet and quartet states an additional point was included at 3.3 a.u. The resulting potential energy curves are shown in Fig. 1 . 'Derived as the difference between the total molecular energy at the equilibrium distance and at the internuclear distance 12.0 a.u.
From Fig. 1 and Table III it is observed that the predicted electronic ground state of the YC molecule is 411, but this state is calculated to be only 225 cm-' more stable than the first excited state, *II, and 1393 cm-' more stable than the *X+ state. In view of these results the prediction of the electronic ground state of YC as being 411 is rather uncertain. Especially because the two higher-lying states are doublet states, which are expected to have larger correlation energies than the quartet state. There are, however, several factors that support the assignment of 411 as being the electronic ground state of the YC molecule. Thus, Table IV shows that the two lowest lying states, 411 and *II, arise from similar orbital configurations. This suggests that their correlation energies are also similar. Furthermore, the next higher lying state, *X+, is due to the excited configuration ( 442( 5s) ' of the Y atom, and the results presented in Table I shows that atomic terms of this orbital configuration have smaller correlation energies than the terms arising from the atomic ground term configuration (4d) ' (5~)~ of Y. These atomic correlation problems certainly are carried over into the molecular calculations, presumably resulting in too low relative energy of the *8+ state as compared to that of the 411 state. Therefore, on basis of the present work, we are confident to predict the symmetry of the electronic ground state of the YC molecule as being either 411 or *II. Recently, however, the YC molecule has been investigated spectroscopically in the gas phase,24 and the ground state has been assigned s1= 5/2. A R of 5/2 cannot be due to either of the states, 211 or *X+, but fl= 5/2 is consistent with an electronic ground state of 411. The combination of the theoretical and the experimental investigations of the YC molecule thus yields the result that the electronic ground state of YC is 411.
From Table IV , it is noted that the two lowest-lying electronic states, 411 and *II, both have approximately three rr and two o valence electrons, not considering the electrons in the 10a orbital which are basically the 2s electrons of C. Contrary to our expectations, the two o electrons in the *Il state do not pair up in just one molecular orbital, but rather occupy two different orbitals. This presumably is the reason for the YC molecule having a 411 and not a *II electronic ground state. Thus, the energy difference in between the states 411 and *II is a measure of the different exchange couplings in the two states. Just like the states 411 and *II, the state ?I has three rr and two u valence electrons. The higher energy of the ?'I state as compared to the states 411 and *II is in accordance with one rr electron occupying an anti bonding molecular orbital in the % state.
The low lying *8+ state has approximately four P and one (+ valence electrons. The 42-, *2-, and '%-states all have two 7r and three (T valence electrons. Although the lla orbital contains approximately two electrons in the states 48-and *2-, these states do have considerably higher energy than the states 411 and *II, indicating that the formation of the rr bonds are more important for the bonding in this molecule than the formation of the (T bonds. 
22+
The highest-lying electronic state considered is %'. This state has four rr and one (T valence electrons. The r electrons are distributed with two electrons in the bonding and two in the antibonding molecular orbital. This is consistent with our findings that this state is hardly bound at all.
C. The lowest lying electronic states of YC Table V shows the contributions of the major configurations of the wave functions as functions of the internuclear distance for the three lowest-lying electronic states, 411, 'II, and *I;+. It is noted that the states 411 and *X' have just one leading configuration at internuclear distances in between 3.3 and 4.2 a.u., i.e., (10a)2(11a)1(12a)1(5rr)3for411 and (10a)2(llo)2(57r>4 for *X+. At internuclear distances 3.6 to 4.2 a.u. the *II state, on the other hand, has considerable weights on three configurations, (lOa)*( 11~)*(5?r)~, (lOa>*( 12~)*(5rr)~, and (lOa)*( 1 la)' ( 12a)'( 5~)~. The three major configurations in the *II state are precisely those required to localize the (T electrons.
In the present work we have analyzed the electronic wave functions by carrying out Mulliken population analyses. The results of such analyses are of course only qualitative, but we still consider it a convenient way of translating the electronic wave functions into a chemical language.
The Mulliken population analyses of the natural orbitals of the three low-lying electronic states show that there are distinct differences between the u and the rr valence orbitals. The rr valence orbitals are ordinary bonding and antibonding molecular orbitals. Thus, the 5rr orbital is the bonding combination of the Y 4drr and the C 2pr, while the 6~ orbital is the corresponding antibonding combination. The u orbitals, on the other hand, remain essentially localized and nonbonding. Accordingly the total overlap populations are mainly due to the rr orbitals for all three low-lying states.
Closer analyses of the natural orbitals of the low-lying states 411 and *Il reveal the reason for the o orbitals being nonbonding. Thus, the lOa orbital is mainly the 2s orbital of C with just a slight admixture of the 4da orbital of Y. The 1 la orbital is a bonding combination of the 2pu orbital of C and a 5s,5po hybrid orbital of Y, but the latter is polarized away from the internuclear region. The 12~ orbital is the antibonding combination of the 2pu of C and the 5s of Y, but with some contribution also from the 4du of Y. Thus, altogether the u orbitals cause the charge to be removed from the internuclear region.
The YC molecule is polar with a substantial charge transfer from the Y to the C atom. In the states 411 and *Il, the charge transfer give rise to dipole moments of 3.90 D in the 411 ground state and of 2.72 D in the *Il state. functions. The equilibrium distance of the state is indicated by r.
cule the 4da orbital of Y acquires significant population. From Figure 4 it is recognized that the interaction leading to the *8+ state of the YC molecule occurs between a C atom with configuration (2pr) * and a Y atom with the excited term configuration (4&r)*(5s) '. As the atoms approach each other an electron appears to jump from the 5s orbital of Y into the 2pu orbital of C. It is noted that there is substantial redistribution of charge as the internuclear distance is diminished below 5 a.u. Figure 5 shows the dipole moments of the three lowlying electronic states, 411, *I& and *E', as derived from the CASSCF wave functions and as functions of the internuclear distances. The sharp dip in the dipole moment of the *2+ state at 4.2 a.u. reflects the changes in the orbital configuration of the Y and the C atoms as noted in Fig. 4 .
The low-lying electronic states of the YC molecule will of course split due to the spin-orbit coupling, but the splittings will be small, since the spin-orbit coupling constants, as derived from Moore's tables, amount to only 212.14 cm-' for the *D(M)' (5~)~ term of Y, and to 237.34 cm-' for the 3D( 4& t (5s) ' term of Y+. Furthermore, a simple perturbation treatment of the spin-orbit coupling indicates that the states with R=5/2, 3/2, and 3/2 obtained from the 411 state will remain approximately degenerate. Therefore, we have chosen to utilize the energies of the electronic states, as derived in the CASSCF wave functions to evaluate the partition function necessary for deriving the dis- sociation energy of the YC molecule from the mass spectrometric data described in the following section.
Ill. MASS SPECTROMETRIC INVESTIGATIONS A. Mass spectrometric measurements
The description of the high temperature mass spectrometer, the experimental technique and the procedure have been given elsewhere.25P26 A graphite cell was placed in an outer tantalum Knudsen cell and charged with yttrium, iridium, and carbon powder in the molar ratio 3:1:15. About 20 mg of gold was added for the purpose of instrument calibration. The cells had concentric orifices of 1 mm diameter, and they were heated by radiation from a tungsten resistance heater. The temperature was measured by a calibrated optical pyrometer. A 19 V electron beam was used to ionize the molecular species effusing from the Knudsen cell. The species observed in the course of the experiment and pertinent to this paper were Y+ (89), YC+( lOl), and YC, '( 113) . In the same investigation, the yttrium carbides, YC,, n =2-g,*' diyttrium carbides, Y,C,, n=2-8,28 and the mixed yttrium-iridium carbides, YIrC,, n = 1-2,25 as well as the intermetallic molecules, YAu and YIr29 were also detected. All the ions were identified by their mass to charge ratio, shutter profiles and appearance potentials. In Table VI, ,,Y,5pg 3 - r eq 6 9 12 R/a.u. Several ionization efficiency curves of YC+ were measured at different temperatures in order to evaluate the contribution to the intensity of this ion arising from fragmentation of higher species, mainly YC,. Only about 4.6% of the YC!+ intensity resulted from the ionization of the primary specie, and the remainder of the YC+ measured corresponds to 1.1% fragmentation of the YC, in the temperature range investigated. Analogous factors of fragmentation have been obtained in previous experiments carried out in our laboratory when studying the gaseous UC32 and CeC33 molecules. Therefore, at each experimental temperature 1.1% of the YC,' intensity was subtracted from the intensity of YC+. The resulting values are listed in Table  VI . The method of the pressure calibration used has been described previously.25 The pressure constants for Y, YC, and YC, were obtained as 0.580, 0.916, and 0.582 atm A-' K-', respectively.
B. Thermodynamic evaluation of data and results
The second law and the third law methods were employed to evaluate the enthalpies of the following equilibrium reactions 
Details on the thermochemical evaluation of the experimental data are given elsewhere.27 The unit activity of carbon in the Knudsen cell, required in the thermodynamic evaluation of reaction ( I), was ensured by the inner cell and the excess graphite powder. The Gibbs energy function, (G"r--&j/T, and heat content functions, (H",--H"o), 0=0, or 298.15 K, necessary for evaluating the enthalpy of the reaction, were taken from literature for Y(g) and C(graph.).34 For YC the corresponding functions were evaluated using the experimental spectropic data for the electronic ground state, r,=2.05 A and w, = 686 cm-1,24 combined with our calculated energy levels.
The resulting values are listed in Table VII molecule have been reported elsewhere.27 In Fig. 6 the second law plots of reactions ( 1) and (2) are shown. Table VII13 ' shows the detailed third-law evaluation for reaction ( 1). The associated error is the standard deviation from the mean. In Table IX the enthalpies for the reactions ( 1) and (2) obtained with the second and third law methods have been summarized. Here the error terms correspond to the standard deviation. In evaluating the selected values of the reaction enthalpies, double weight was given to the respective third law values. The associated errors have been calculated from an overall estimation of the uncertainties relative to the experimental technique and assumptions made in the evaluation of the data.
From reaction ( 1) the dissociation energy obtained using Aep(graph.) =711.2*2.1 kJ mol-' or Aj!&98,,5(graph.) =716.7*2.1 kJ mol-1,34 is Di(YC) =414.9* 14 kJ mol-', and Diss,is(YC) =418.9* 14 kJmol-'. From reaction (2) with mO,,( YC2) = 1225 f 8 kJ mol-',27 we derive Dz(YC) =412.9* 16 kJ mol-'. Likewise A~0,298,15(YC2) = 1235 f. 8 kJ mol-' 27 yields D&s(YC) =417.2& 16 kJ mol-'. The standard heat of formation of YC, Aflf,2,298,15 is derived from reaction ( 1) The selected dissociation energy of YC, Di=414.2 f 14 kJ mol-' was obtained by giving twice the weight to reaction ( 1). It compares well with the corresponding values for CeC, 441 f 12 kJ mol-1,33 and for LaC, 458.3 A20 kJ mol-',35 and it is in agreement with the previously proposed value by Gingerich, 414A 63 kJ mol-1.36 This trend in the dissociation energies of the monocarbides corresponds to the analogous trend in the M-C2 bond strengths, i.e., D;( Y-C2) = 627 f 20 kJ mol-',27 Di( La-C2) = 665 f 25 kJ mol-',37 and DG( Ce-C2) = 670* 20 kJ mol-'.33
IV. CONCLUSIONS
In the present work, we have reported results of theoretical as well as experimental investigations of the YC molecule. The electronic structure and the nature of the bonding in the YC molecule have been elucidated through all electron MCSCF (CASSCF) calculations. The dissociation energy of the YC molecule has been derived from the data obtained in the high temperature equilibrium mass spectrometric measurements in combination with the calculated electronic states.
The electronic ground state of the YC molecule has been calculated as being 411, but this state is separated from the next higher-lying state, 211, by only 225 cm-', and by 1393 cm-' from the 22+ state. Although the energy splittings of the low-lying electronic states of the YC molecule are calculated to be small, detailed analyses of the wave functions support the ground state assignment, 411. In addition, recent spectroscopic investigations24 have determined that the ground state of the YC molecule has fi = 5/ 2. Considering only the three low-lying states, 411, 211, and 2Zc-t, a R=5/2 is consistent only with 411 being the electronic ground state.
In all the low-lying electronic states investigated the main bonding orbitals are the valence rr orbitals. The molecular valence u orbitals are essentially nonbonding, although they are bonding combinations of the (T orbitals located on the individual atoms. They are nonbonding, because the atomic orbitals making up the molecular orbitals are polarized away from the internuclear region.
The YC molecule is appreciably polar with charge transfer from the Y to the C atom. The chemical bond presumably occurs by a harpooning mechanism. At some distance in between 12 and 5 a.u. an electron is transferred from the Y to the C atom, and this enables the formation of the chemical bond between the 4drr electron on Y and the 2p7r electrons on C.
Our calculated dissociation energy amounts to 2.97 eV, and the dissociation energy we have obtained in our mass spectrometric investigations is Dz=414.2* 14 kJ mol-' or 4.29 f 0.15 eV. This deviation is according to our expectations when considering the amount of correlation included in the present calculations. The weaker bond in the YC molecule as compared to those of RhC and RuC is in agreement with our findings that of the electrons of Y, it is essentially only the single 4d electron that is involved in the formation of the chemical bond in the YC molecule.
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